An extreme, damaging rainfall occurred in northern Kyushu in July 2017. Whether such an extreme rainfall is quantitatively captured by numerical models is a challenging issue. We investigate the influences of terrain representation in simulating a stationary convective system and the resulting heavy rainfall for this case by conducting a series of 167-m-resolution numerical experiments. By employing a high-resolution elevation dataset as well as a double-moment cloud microphysics scheme, the control experiment successfully reproduced the stationary, linear-shaped convective system and the associated heavy rainfall. When the model terrain was created by a coarser-resolution elevation dataset, the 167-mresolution experiment underestimated the accumulated rainfall, because of discretely developing convection and weaker intensities of the rainfall. These impacts of the terrain representation were confirmed to be robust through conducting another experiments with a different microphysics scheme. The representation of model terrains is critically important in simulating stationary convective systems and quantitatively the resulting heavy rainfall.
Introduction
Stationary convective systems are one of the major extremerain-producing storms. Schumacher and Johnson (2005) examined extreme rain events in the United States and found that a back-building/quasi-stationary type accounts for about 20% of the total mesoscale convective system (MCS) events largely contributing to extreme rainfalls. Schumacher and Johnson (2008) indicated that the long-lived nature of the MCS was due to a nearly stationary low-level gravity wave, suggesting that both mesoscale and convective-scale processes play a role in keeping MCSs stationary.
Furthermore, topography is known to have profound effects on precipitation (Houze 2010) . In East Asia a stationary front during the summer monsoon is a major player in spawning extreme rainfalls, possibly enhanced by topography. For example, a complex nature of the topography of Taiwan significantly controls the generation and organization of MCSs (Wang et al. 2005; Yu and Jou 2005; Yu and Lin 2008; Wang et al. 2014) . Yoshizaki et al. (2000) examined an orographic rainband in western Kyushu, Japan and showed that small and low mountains are able to generate an organized rainband under a moist convectively unstable condition. A role of small-scale topography on the generation of orographic rainbands was also emphasized by Kirshbaum et al. (2007) , who indicated that small-scale obstacles induce lee waves and trigger convection downstream of the obstacles.
From a statistical point of view, Tsuguti and Kato (2014) examined warm-season heavy rain events in Japan and suggested that there is a topographical influence on the generation of stationary rain events. Unuma and Takemi (2016a) 
examined stationary
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From these studies, the topography, even if it is in small scales, seems to contribute to the generation of stationary convective systems and hence to the resulting heavy rainfalls. A scientific challenge exits how numerical models can reproduce stationary convective systems and quantitatively represent the resulting heavy rainfalls. For wind representations, Oku et al. (2010) , Takemi et al. (2010), and Takemi (2013) demonstrated that accurate representations of fine topographical features improve the representations of extreme winds in complex terrain. For rainfall, Takemi (2010) and Oizumi et al. (2018) showed that the simulation with finer terrains reproduced stronger rains. However, there are few studies that examined how topographical representations affect quantitative simulations of heavy rainfalls.
This study investigates the influences of fine terrain features on the generation of stationary convective systems and the resulting heavy rainfalls by conducting a 0(100 m)-resolution simulation with a high-resolution elevation dataset as well as a number of sensitivity experiments changing the model terrain and the model physics. A heavy rainfall case that occurred in northern Kyushu, Japan in July 2017 (the July 2017 Northern Kyushu Heavy Rainfall) was chosen. This case produced extreme rainfalls in northern Kyushu and spawned damaging floods and landslides. The primary challenge here is whether the simulation represents the stationarity of the extreme-rain-producing convective system and quantitatively reproduces the extreme rainfall.
Numerical model and experimental design
The model used is the Weather Research and Forecasting (WRF) model Version 3.6.1 (Skamarock et al. 2008) . Two-way nesting was used to set four computational domains: the outermost domain (Domain 1) covers most of the Japanese islands at the 4.5-km horizontal grid, the second domain (Domain 2) Kyushu Island at the 1.5-km grid, the third domain (Domain 3) the northern half of Kyushu Island at the 500-m grid, and the innermost domain (Domain 4) focuses northern Kyushu at the 167-m grid (see Fig. Al of Supplement 1). Domain 1 was defined in the Lambert conformal projection on the plane crossing the latitudes of 30°N and 60°N. The four domains had 52 vertical levels, with the interval stretched with height and the top at the 30-hPa level. To prescribe the initial and boundary conditions, we used the Mesoscale Analysis of Japan Meteorological Agency for the atmospheric fields and the Final Analysis of National Centers for Environmental Prediction for the surface fields, both at 6-hour interval.
The model topography was generated with a coarser-resolution digital elevation model (DEM) dataset and a higher-resolution DEM dataset. The topography in Domain 1 and 2 was generated with the global DEM data having a horizontal grid spacing of 30 arc-seconds (about 1 km) (referred to as G30) provided by the United States Geological Survey, while the topography in Domaintopography is shown in Fig. Al of Supplement 1. To examine the sensitivity to the choice of the elevation dataset, we used the G30 data to create the model topography not only in Domain 1 and 2 but also in Domain 3 and 4 and conducted sensitivity experiments (see Fig. A2 in Supplement 1).
The physics parameterizations used as a baseline were as follows: the Yonsei University scheme for boundary-layer mixing ), a Monin-Obukhov similarity-based scheme for surface fluxes (Jimenez et al. 2012) , and a double-moment scheme for cloud microphysics (Morrison et al. 2009) . No cumulus parameterization was used. The experiment with these physics settings and the GSI elevation is regarded as the control and referred to as MODM-GSI, while the experiment with the same physics settings but with the 030 terrain is referred to as MODM-030.
To demonstrate the robustness of the terrain representation in reproducing the heavy rainfall, we conducted further sensitivity experiments with the microphysics scheme changed to the 6-category single-moment scheme of Hong and Lim (2006) ; other physics parameterizations were unchanged from the control. This series of the sensitivity experiments are referred to as WSM6-GSI for the GSI terrain and WSM6-G30 for the G30 terrain.
All in all, four numerical experiments were conducted. The time integration was started at 0900 Japan Standard Time (JST) 4 July 2017 for Domain 1 and 2, 2100 JST 4 July for Domain 3, and 0300 JST 5 July and ended at 0900 JST 7 July. The time interval of the simulated outputs for Domain 4 is 10 minutes. These outputs are used for the following analyses.
Reproduction of the stationary convective system
The case developed under influences of a stationary front (i.e., Baiu front, see Fig. A3 of Supplement 1 for the weather maps): during the southward movement of the Baiu front the heavy rainfall occurred. Among the raingauge stations, the heaviest rainfall was measured at the Asakura station: the maximum accumulated rainfalls for 24, 48, and 72 hours were 545.5 mm (by 1140 JST 6 July), 600.5 mm (by 1040 JST 7 July), and 616.0 mm (by 0600 JST 7 July), respectively, all of which are the highest records at the station. Figure la shows the total rainfall from 0300 JST 5 July to 0900 JST 7 July from radar/raingauge analyzed precipitation data (Nagata 2011) . Some points indicate extreme values exceeding 1000 mm, and a robust feature is that the area with rainfall over 500 mm extends west-east. This is consistent with the climatology shown by Unuma and Takemi (2016b) : the orientation of linear convective systems align favorably in the westeast direction in northern Kyushu. In this section, the result of the control, MODM-GSI, is demonstrated. Figure 1 b exhibits the accumulated rainfall simulated in Domain 4 during the same period as in Fig. la. The area with over 500 mm rainfall also extends longitudinally, and the pointwise maximum rainfall amounts to 633 mm. Although the simulation overall underestimated the observed rainfall, it successfully reproduced the spatial pattern and concentrated nature of the extreme rainfall. Figure 2 compares the temporal change of the simulated rainfall in Domain 4 with the observed at Asakura. The observed accumulated rainfall largely increases during 1200 and 2100 JST 5 July and then gradually increases until 0900 JST 7 July (Fig.  2a) . The simulated rainfall at the Asakura gridpoint indicates an increase from 1200 to 2100 JST 5 July, but this increase is more gradual than the observed. This is because the simulation is not able to reproduce the exact location of rainfalls. However, if the time series at the gridpoint of the maximum rainfall, about 16.6 (a)
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km east of the Asakura point, was chosen, the simulation better captures the observed temporal change. The rapid increase in the afternoon of 5 July and the gradual increase later on are well reproduced, although the simulated rainfall increases more rapidly during the period of 1200 and 2100 JST 5 July. Figure 2b shows the temporal change of the rain intensity at the 10-minutes interval. After 1200 JST, the observed rain sometimes became stronger than 100 mm h-1 , and intense rain continued for 9 hours. The simulation at Asakura also reproduced sustained rain in the afternoon, but the intensity is more reduced than the observation. On the other hand, the simulated rain intensity at the gridpoint of the maximum rainfall indicates extreme intensities comparable to the observation. Although the duration of the simulated intense rain in the afternoon is shorter than the observed, the simulation seems to be successful in reproducing the sustained nature of intense rain in the afternoon. Generally, heavy rainfalls are induced either by sustained rain or intense rain or the combination of both (Doswell et al. 1996) . In the present case, the longevity and intensity of rainfall both contributed to the extreme rainfall. Thus, it is important to reproduce continuous development of convection and stationarity of convective systems in the simulation. Figures 3a and 3b indicate the continuous development of convection in the limited region of around 130.8°E-131.0°E with the longitude and time diagram, averaged in the latitude of 33.277°N-33.390°N. The simulation is able to capture large amounts of rainwater at the lower level and stronger updrafts at the upper level sustained in the 5 July afternoon, which is due to the successful simulation of a stationary convective system as well as its background, synoptic-scale field (see Supplement 2 for the surface fields and the temporal evolution of the rainfall and Supplement 3 and 4 for the radar animations). The environmental conditions for the stationary convective system are examined in terms of convective available potential energy (CAPE) and precipitable water vapor (PW). In Figs. 3c and 3d, the areas of high CAPE and PW are seen to extend in the upwind side (west) of the convective system, indicating that the atmosphere is very unstable and moist as compared to the climatology at Fukuoka: CAPE= 501 and PW= 51 as the July mean for QSCCs (Unuma and Takemi 2016a) . To diagnose possible triggers for the convection development in terms of convective inhibition (CIN) and low-level updraft, Figs. 3e and 3f shows the longitude and time diagram of CIN and the ascent at the 0.5-km height averaged meridionally between 33.383°-33.452° (including the small-scale mountains near the west-end of Domain 4). Before the convection development, CIN is almost zero, indicating that convection can easily develop with a minimal forcing. The low-level ascent becomes intensified after 1400 JST and sustained in the region of 130.5°E-130.7°E which corresponds to the lowland just to the east of the small-scale mountains near the west-end. Therefore, the continuous low-level ascent in the minimal CIN environment is considered to play a triggering role in sustaining the convective system.
Sensitivity experiments
The spatial distribution of the accumulated rainfall and the longitude and time section of the low-level water content in M0DM-G30 are shown in Figs. 4a and 4b. The spatial pattern and concentrated feature of heavy rainfall around the center of the domain is also seen in Fig. 4a , but the total amount is significantly reduced from that in MODM-GSI. Figure 4b indicates that convection successively develops in the 130.8°E-13 l.0°E region; however, discretely developing feature in this region is seen more clearly in M0DM-G30 than in MODM-GSI. Besides, the lowlevel forcing in M0DM-G30 (Fig. 4c) is much weaker than that in MODM-GSI (Fig. 3f) . Both weaker forcing and discrete development lead to the reduction of the accumulated rainfall.
The comparison between MODM-GSI and M0DM-G30 demonstrates that the differences in the continuous convective development and the quantitative rainfall reproduction are attributed to the difference in the terrain representation in the two experiments. One may argue that the impacts of the terrain representation would depend on the settings of the physics parameterizations employed and the initial and boundary conditions. To resolve this concern, we exhibit the results of another set of the numerical experiments, WSM6-GSI and WSM6-G30.
The spatial distribution of the accumulated rainfall and the longitude and time section of the low-level water content for WSM6-GSI and WSM6-G30 are shown in Fig. 5 . A large amount of the rainfall around the center of the domain is seen in WSM6-GSI, and the rainfall amount in the same area is significantly reduced in WSM6-G30. Furthermore, the low-level water content becomes smaller and the discrete nature of convection is more evident in the 130.8°E-13 l.0°E region in WSM6-G30 than in WSM6-GS1. Again, the impact of the difference in terrain representation appears in the WSM6 cases as in the MODM cases. Comparing the results of Figs. 1 b and Sa or those of Figs. 3a and Sb, the cloud microphysics scheme may affect the quantitative representation of the heavy rainfall, which is due to the difference in convection development in the limited region. There is another point to note that the accumulated rainfall amount near the southern boundary of Domain 4 is similarly represented or is decreased in the GSI or MODM cases compared to the G30 or WSM6 cases.
In this way, the convection development depends on the terrain representation as well as the cloud microphysics scheme. To diagnose this dependence, the precipitation intensity at each output time is examined. Figure 6 compares the frequency distributions of the precipitation intensity obtained in the area of 130.6°E-131.0°E and 33.3°E-33.5°E during the simulation time. MODM-GSI reproduced the highest frequencies in stronger rains, especially in the highest range. Use of coarser-resolution terrain data (M0DM-G30) or single-moment microphysics scheme (WSM6-GSI) or the both (WSM6-G30) leads to significant reduction in stronger rains. Thus, the decreased frequency of stronger rains and the discretely developing convection within the convective system seem to make the accumulated rainfall in the limited region smaller.
Here we discuss a consequence resulting from the difference in terrain representation between GSI and G30. Figure 7a demonstrates the difference of the model topography between GSI and G30 in a grid-point basis. At or near mountain peaks, the model heights tend to be higher in GSI than in G30. The highest peak in Domain 4 is 1763.6 m for GSI while 1679.6 m for G30. Contrary, the model heights in areas between mountain peaks and low--flatlands are lower in GSI than in G30, meaning that the terrain feature is more smoothed in G30 than in GSI. This terrain difference will directly influence surface wind fields. Hence, the convergence/divergence of surface winds is examined by focusing the area of 130. 5°E-130.7°E and 33.383°E-33 .452°E, where the low-level ascent was clearly seen. Figure 7b compares the frequency distributions of the convergence/divergence for MODM-GSI and MODM-030. The frequency of larger magnitudes of convergence (positive values) and divergence (negative) is higher in MODM-GSI than MODM-030, suggesting that the fine terrain features enhance surface convergence/divergence. We speculate that the enhanced low-level convergence to the west of the area where the stationary convective system developed is due to more sharply represented topography in MODM-GSI than in MODM-030. A low-flatland surrounded by sharply represented mountains will perform as a guide for the low-level, convergent flow. The enhanced convergence in the area leads to stronger low-level ascents in the GSI case, which serves as a trigger for the convection development for the present heavy rainfall event. 
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Conclusions
We investigate the influences of the terrain representation on the simulations of a stationary convective system and the resulting heavy rainfall for the July 2017 Northern Kyushu case by conducting a series of numerical experiments at the 167-m grid. By employing the 50-m-mesh elevation dataset as well as a double-moment microphysics scheme, the control experiment successfully reproduced the stationary convective system and the associated heavy rainfall. When the GTOP030 dataset was used, the simulated rainfall was significantly reduced and the convective system indicated a discretely developing feature even with the 167-m grid. The similar impacts of the terrain representation also appeared in the different microphysics scheme case, which strongly suggests that those impacts are robust.
The sensitivity experiments demonstrated that the representation of model terrain is critically important in reproducing stationary convective systems and quantitatively the resulting heavy rainfall in convection-resolving simulations at a O (100 m) grid spacing. However, the use of double-moment scheme or highresolution DEM data may not always improve the rainfall amount. The impacts of the terrain representation should be more extensively investigated by systematically changing physics parameterizations, analysis fields, initial times, and rainfall cases.
